Chapter 2
Low-Power Circuits: A System-Level
Perspective

Youngsoo Shin

Abstract Popular circuit techniques for reducing dynamic and static power con-
sumption are reviewed. The emphasis is on the implication when they are applied,
e.g., area increase, because this may serve as important information during system-
level design. The estimation of power and temperature is also reviewed.

2.1 Introduction

During the architectural design (or system-level design, broadly speaking), a lot of
what-if questions are likely to be raised and answered. For example, in a network
processor, the designers may consider employing two Ethernet controllers, instead
of a single one, to improve throughput, but may also want to validate the choice in
terms of chip area [1].

Due to the growing importance of power consumption, it is now tempting to as-
sess the design choice in terms of power: what happens if clock gating is applied
to block A, which contains many synchronous memory elements; what happens if
body biasing is used in block B, which stays in standby mode for most of its oper-
ation time? These questions should be answered after the implication of applying
each circuit technique is precisely understood from a system-level perspective; e.g.,
how much does the circuit area increase when clock gating is applied to A, and what
is the latency to put B in standby mode and bring it back to active mode?

This chapter is organized to review various low-power circuit techniques from a
system-level perspective. A technique to estimate power consumption is discussed
in Sect. 2.3; thermal analysis, which has become very important, is also addressed.
Power consumption can be categorized into dynamic power during operational time
and static power during standby periods. Representative circuit techniques to reduce
the dynamic component, i.e., clock gating and dual-Vyq, as well as other techniques
are reviewed in Sect. 2.4. Techniques to reduce the static component, such as power
gating and body biasing, are presented in Sect. 2.5.
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2.2 CMOS Power Consumption

To understand the nature of power consumption of CMOS circuits, consider the chip
floorplan illustrated in Fig. 2.1. The overall operation of a floorplan block can be
classified as being in active or in standby mode. Active mode refers to the period of
time when the block is actively computing to produce valuable output; the remain-
ing period is called standby mode. In active mode, there are two components of
power consumption: dynamic and static power. Dynamic power is consumed while
a transistor is switching. The length of time that it switches is usually a small propor-
tion of a clock cycle; for the remaining time, the transistor consumes static power.
Standby mode, which does not involve any transistor switching, consists of static
power alone (assuming that there is also no switching activity in a clock). It is im-
portant to understand that the static power in active mode is a transient one, while
that in standby mode is a static one; therefore, their amounts are very different, as
we address later in this section.

2.2.1 Dynamic Power

While the output of the CMOS inverter shown in Fig. 2.1 makes a pair of rising and
falling transitions, the amount Ct, ded of energy is dissipated, half of it by the pMOS
transistor and the other half by the nMOS transistor. Cy, is the load capacitance,
which models the gate capacitance of fanout gates, the wire capacitance, and the
intrinsic capacitance of the inverter itself.

The average power consumption due to the switching, which is the total energy
dissipation during a particular period of time divided by the length of that period, is
given by the well-known expression

Py =aCLV f, (2.1)

where f is the clock frequency and «'! is the probability of the output making a
pair of rising and falling transitions in a single clock cycle. Note that « < 0.5 for
any combinational gate unless there is a glitch; in practical circuits, « turns out to
be very low, typically less than 0.05. Gates that are driven by a clock, for example
those in clock buffers, have o = 1.0.

Another component of dynamic power consumption, denoted by Py, is caused
by short-circuit current. This is the current that flows while both the nMOS and
pMOS transistors are turned on for a short period of time when the input signal
makes a transition (from O to 1 or 1 to 0). Interestingly, Py decreases with increas-
ing Cr [2], because the output, which changes its value more slowly when heavily
loaded, keeps the short-circuit current from increasing. Cy,, however, cannot be ar-
bitrarily increased due to increased circuit delay. Py is usually pre-characterized

ISome people use « as a probability that the output makes a transition (either rising or falling)
rather than a pair of transitions. With this definition, 1/2« would be used instead of « in (2.1).
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Fig. 2.1 Power consumption of an architectural block

when each gate is designed and is available during power estimation. In practical
circuits, Py is a small proportion of the total dynamic power consumption Pgyy;
€.8., Psc/ Payn is estimated to be about 10% [3].

2.2.2 Static Power

The static power consumption is a result of the device leakage current, which orig-
inates from various physical phenomena [4]. Three components of leakage (sub-
threshold, gate tunneling, and junction leakage) get more attention than the other
ones due to their large proportion in the total static power. The relative importance
of these components differs with the technology, the temperature, the style of the
circuit, and so on. For instance, gate leakage is important in static random access
memory (SRAM) circuits since they typically rely on devices of larger gate length
to reduce random dopant variations, while subthreshold leakage is dominant in logic
circuits [5].

The subthreshold leakage occurs when the gate-to-source voltage of a transistor
is below its threshold voltage (Vi,), i.e., when a device is presumed to be turned off.
It is well known that this leakage component increases exponentially with decreas-
ing Vi, increasing temperature, and increasing gate-to-source voltage. This implies
the growing importance of subthreshold leakage as CMOS technology scales down,
since Vi, tends to decrease to maintain circuit speed. It also implies that any quan-
titative result on static power should be carefully understood; e.g., the value may be
very different for different temperatures.

The standby leakage (leakage in standby mode) of the 2-input NAND gate shown
in Fig. 2.2(a) for the different inputs is given in the second column of Table 2.1. It is
well known that this leakage is lowest when the input is 00, as Table 2.1 confirms.
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Fig. 2.2 (a) A 2-input NAND gate: active leakage for input transitions (b) from 01 to 00, (c) from
00 to 10, and (d) from 00 to 01

Table 2.1 Standby and

active leakage of a 2-input Input Standby Active leakage (nA)

NAND gate in 45-nm (AB) leakage (nA) 1 ns 5 ns 10 ns

technology
00 1.0 11.2 3.0 1.9
01 16.6 16.2 16.6 16.6
10 10.3 17.7 10.4 10.3
11 26.4 26.4 26.4 26.4

The reason is that there is a positive voltage vy, which builds up between M; and
M; and turns M off strongly, due to a negative gate-to-source voltage; this voltage
also raises the effective threshold voltage of M;. The whole phenomenon is called
the stacking effect [6], because the leakage shrinks as stacked MOS transistors are
turned off.

We now turn our attention to active leakage (leakage in active mode). When the
input is maintained at 01, the internal node capacitance cy, is fully discharged. If the
input is changed to 00 after 1 ns, as depicted in Fig. 2.2(b), the small leakage current
through M starts to charge cp,. As v, rises, the leakage through M falls further due
to the stacking effect. But this transition takes a long time, as shown in Fig. 2.2(b).
The effect on leakage of a change of input from 00 to 10 is shown in Fig. 2.2(c).
The large turn-on current through M; initially charges cp,; however, as vy, rises,
M; turns off, but then its leakage current takes over and continues to charge cp,,
even though the leakage is gradually falling. If M» is turned on, for instance by
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the change of input from 00 to 01 shown in Fig. 2.2(d), the corresponding leakage
transition is virtually spontaneous since cp, is quickly discharged.

The average active leakage over different periods after the change of input value
is given in the last three columns of Table 2.1. Each value is also averaged over all
the transitions that lead to the inputs shown in the first column: thus the first row
covers transitions from 01 to 00, from 10 to 00, and from 11 to 00.

The standby and the active leakage are about the same when a 1 is applied to
input B (01 and 11 of Table 2.1), which turns on M. The leakages for 10 and,
especially, 00, are significantly different, particularly for the period immediately
after the transition, implying a higher operating frequency.

2.2.3 Analysis

There are now three components of power consumption: dynamic, active leakage,
and standby leakage. The first two components are sources of active-mode power
consumption; the last defines standby-mode power consumption. Experiments were
performed in 45-nm technology to understand the relative measure of the compo-
nents; the results are shown in Fig. 2.3. Example circuits were taken from Inter-
national Symposium on Circuits and Systems (ISCAS) benchmarks as well as from
OpenCores [7]. The current was obtained by applying 100 random vectors; the clock
period was arbitrarily assumed at 5 ns.

Active leakage represents, on average, 28% of the total active-mode power con-
sumption; it is as high as 37% in s1238 and as low as 23% in s9234. Note that
the leakage was measured in conditions where it becomes as large as possible, i.e.,
a fast process corner in which Vj, is smallest and at the highest operating tempera-
ture. Since dynamic power is scarcely affected by these parameters, the proportion
of active leakage will become smaller in different conditions. For example, its pro-
portion decreases to 14% in a nominal process corner with the same temperature.

The average standby leakage is 54% of the average active leakage. The variation
in the leakage ratio between circuits can be explained by the extent of the stacking



22 Y. Shin

0.8 0.8

Standby / Active J—
X

0.6 /\././- 0.6 //\/./-,
Standby / Active
0.4 0.4 4 a—h
Active / (Ac-ti/e+/Switching) / //‘(/
0.2 : 0.2
//‘/4/&/“ — Active / (Active+Switching)

0.0 —= o 0.0
50 25 0 25 50 75 100 125 1 2 3 4 5 6 7 8 9 10
Temperature [°C] Clock period [ns]
(a) (b)

Fig. 2.4 Ratio of standby to active leakage, and the proportion of active leakage in circuit ps2:
with (a) varying temperature and (b) varying clock period

effect in each circuit. When there are more gates that exhibit the stacking effect
in standby mode, we expect the difference between active and standby leakage to
increase. This can be confirmed by counting the number of inverters and flip-flops,
which are representative of the gates without the stacking effect.

The proportion of active leakage decreases with temperature, as shown in
Fig. 2.4(a). The ratio of standby to active leakage also declines, as Fig. 2.4(a) shows,
suggesting that the importance of active leakage grows as the temperature drops.
When this happens, the transient change in active leakage due to a transition (see
Fig. 2.2) takes longer because of its reduced magnitude, which means that ¢y, is
charged more slowly: this increases the difference between active and standby leak-
age.

As the clock frequency increases and the clock period decreases, the magnitude
of the active leakage will increase while the standby leakage remains the same. This
is evident from the decreasing ratio between the standby and active leakage shown in
Fig. 2.4(b). The total switching current is independent of the clock period, as long
as that period is sufficient to accommodate all the switching required. While the
average switching current and the active leakage both increase as the clock period
decreases, the average switching current increases more rapidly. Thus, the active
leakage comes to represent a lower proportion of the total active-mode current, as
we see in Fig. 2.4(b).

The contribution of the three components in energy dissipation is determined by
the amount of time for which each component is responsible. This in turn is depen-
dent on the fraction of time a circuit stays in active mode, i.e., the duty cycle D.
Let dynamic power and active leakage be 72% and 28% of the active-mode power
consumption, respectively, and active leakage be 1.87 times the standby leakage.
Figure 2.5 illustrates the contribution of the three components with different values
of D,e.g.,4.80D/(5.67D + 1) for dynamic power. When D = 0.1 such as in a cell
phone, 58% of the energy is due to standby leakage, while 31% and 11% are due to
dynamic and active leakage. It is apparent that most of the energy is dissipated by
dynamic power as D increases, which arises in stationary devices such as servers.
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2.3 Estimation of Power Consumption

The biggest part of answering what-if questions during architectural design is the
ability to estimate power consumption, before and after a particular circuit technique
is applied; this is a subject of this section. We also address temperature estimation
because the main quantity that determines temperature is power consumption and
because temperature has become a roadblock in technology scaling.

2.3.1 Dynamic Power

Expression (2.1) suggests that the estimation of Py, comes down to estimating « of
each node, once Cp, is extracted. This is done either by simulation or by probabilistic
analysis.

Different gate delay models can be used in a simulation approach. The simplest
model assumes zero gate delay for the sake of simulation time. Each gate can have
at most one transition per input vector, since all transitions occur at the same time.
If real delay is used, each gate may have different delay resulting in different arrival
times at the gate inputs, which causes more than one transition per input vector.
But, this takes more time than simulation under zero delay. Gate-level simulation
is reported to yield an error of £15% compared to circuit-level simulation, which
exhibits +5% error [8]. Another issue is the preparation of input vectors. This is
either done by designer-specified use scenarios, or is based on generating a sequence
of random vectors. The interesting question here is the number of vectors that should
be provided for reasonable accuracy. Experimental study [8] states that using any
100 or 10 consecutive vectors guarantees an error within £5% or £15% (compared
to using the whole sequence of vectors from use scenarios), which implies that 10
should be enough for the accuracy of gate-level simulation.
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Probabilistic analysis is more convenient from a designer’s perspective. One may
simply assume a signal probability (probability of signal being at 1) at each circuit
input, quite often 0.5. The probabilities are then propagated toward circuit outputs.
The propagation of independent signals is straightforward; e.g., the signal probabil-
ity at the output of an AND gate is 0.25 when the signal probability of both inputs
is 0.5. However, in general circuits, many signals are not independent due to recon-
vergent fanout; i.e., the same fanout converges at the same gate after going through
different paths to the gates. The propagation in this case becomes more difficult,
although several methods have been proposed [9].

Note that these power estimation methods target average power consumption.
The maximum power consumption, which is necessary for designing a power dis-
tribution network, is significantly larger than the average one. This is quantitatively
shown for several circuits in Fig. 2.6, in which the difference ranges from 6 to 7
times.

Accuracy of Estimation The important issue in power estimation is its accu-
racy. This is affected by several factors such as delay model, wire model, and test
vectors, but, more importantly, by the design stage in which power estimation is
performed. During system-level design, many blocks are in a register transfer level
(RTL) description. The description then goes through logic synthesis, in particular
technology mapping, to obtain a technology-mapped netlist; some optimizations are
then performed, and the layout is finally obtained. Before layout design, the inaccu-
racy of power estimation ranges +15%; a similar inaccuracy is observed in power
estimation before optimization. However, the error of power estimation before tech-
nology mapping (an estimation without actual netlist) can reach a factor of 4 or 10,
which invalidates any estimation effort at that early stage [8].

2.3.2 Static Power

For a given gate-level netlist, estimating leakage power is generally more difficult
than estimating switching power. Switching power is weakly dependent on device
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parameters and operating environments. However, leakage power is strongly af-
fected by the variations of process parameters (e.g., gate length, oxide thickness,
and channel dose), variations of operating environment (temperature and Vyq), and
different input patterns.

The dependency of leakage current on process variations is the strongest; e.g.,
for 30 die-to-die Vi, variation of 30 mV in 180-nm CMOS technology, the leakage
current can vary by a factor of 20, while the frequency varies only by 20% [10].
Die-to-die variations are typically taken into account by using process corners; i.e.,
we can estimate leakage current by assuming one particular set of deterministic de-
vice parameters. However, within-die variations, which are occupying an increasing
proportion of total process variations with technology scaling, can only be captured
by statistical estimation. The dependency of leakage on operating environments is
also strong, although less strong than for process variations in practice. Leakage has
a superlinear dependency on temperature, e.g., a 30°C change of temperature causes
leakage to increase by 30%, and its dependency on supply voltage is exponential,
e.g., a20% fluctuation of Vyq causes leakage to change by a factor of 2 or more [11].
Therefore, for accuracy, leakage estimation should be coupled with an analysis of
temperature and Vyq distribution. The dependency of leakage on input vectors is
strong in individual gates, but becomes very weak in whole circuits, especially as
circuits have more levels due to lack of controllability.

Static Estimation For leakage analysis or simulation, each gate in the library
must be characterized in its leakage. For example, for a 2-input NAND gate, the
leakage for each input combination can be characterized: Loo, Lo1, L1o, L11, Where
L;; indicates leakage when the inputs take i and j. Alternatively, for simplicity, its
leakage could be characterized by the average value.

If the leakage of all the gates is characterized, the leakage of an individual gate
can be obtained if we know the signal probability of each input. For example,
the leakage of the 2-input NAND gate is given by (1 — p1)(1 — p2)Lgo + (1 —
p1)p2Lot + p1(1 — p2)L1o + p1p2L11, where p; and p> are the signal probabili-
ties of two inputs. The leakage of the whole circuit can then be obtained by summing
all the leakages. Thus, the key step is to derive the signal probability of all internal
nodes given the signal probability of the primary input, which is the same process
as in dynamic power estimation.

Statistical Estimation There are two methods to incorporate within-die process
variation in leakage analysis: Monte Carlo simulation (simulation with repeated ran-
dom sampling of variation source) or statistical estimation. Figure 2.7 illustrates typ-
ical leakage histograms after Monte Carlo simulation with 45-nm technology [12],
in which o of Vj, is assumed to be 10% of its normal value. The histogram roughly
follows a lognormal distribution.

In statistical estimation, the leakage of each gate is modeled as a lognormal, i.e.,
ae’i [13], where Y; is a function of process parameters such as gate length and
gate oxide thickness, and approximated as a normal distribution. It is shown that
both subthreshold and gate tunneling leakage follow this model. The full-chip leak-
age is then a sum of lognormals, which can be approximated as another lognormal
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or, more accurately, as an inverse-gamma distribution [14]. If leakage is estimated
from a layout, a spatial correlation of device parameters must be taken into ac-
count. In other words, Y; and Y; are highly correlated if gates i and j are closely
located. A chip is divided into an imaginary grid, and a correlation coefficient is
defined between a pair of grids, which is then incorporated into the leakage estima-
tion [13].

Statistical leakage estimation considering both die-to-die (D2D) and within-die
(WID) variations can be done, as illustrated in Fig. 2.8 [15]. D2D variation is sam-
pled at discrete points (a). Each sampled value becomes a mean of a corresponding
normal distribution of ¥; (b). Each Y; is scaled by the corresponding probability of
the sample from D2D space (c). Statistical leakage estimation is done for each Y;
and aggregate leakage is obtained (d).

2.3.3 Temperature Estimation

Temperature changes because of the convection of heat. Therefore, it is reasonable
to expect to produce temperature change by adjusting the location of hotter and
colder blocks, i.e., by trying different floorplans. It is reported that different floor-
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plans of microprocessors can yield a difference of maximum temperature of as high
as 37°C [16].

For a given floorplan, as shown in Fig. 2.9(a), the following heat conduction
equation is solved to generate a thermal map, shown in Fig. 2.9(b):

T (x,y,z,1)

C
PEp ot

V[K(x,y,z,t)VT(x,y,z,t)]+g(x,y,z,t), 2.2)
where T is the temperature which we try to obtain, g is the power density of a
heat source, and « denotes thermal conductivity; o and C are material-dependent
parameters. Physically, (2.2) implies that the energy stored in a volume V' (left-hand
side) is equal to the sum of the heat entering V' through its boundary surface and the
heat generated by itself (right-hand side).

In general, steady-state temperature is of importance because, once a chip reaches
that state, the temperature does not respond to an instantaneous change of power
consumption. This is due to the relatively large time constant of heat conduction
(a few milliseconds) compared to that of a clock cycle (some picoseconds). In a
steady state, in which there is no change of temperature over time, the following
equation can be solved:

V2T (x,y,2) = —g(x,y,2)/k, (2.3)

where « is approximated to be constant. Note that g is typically given for each
block, say A and B of Fig. 2.9(a); in other words, we approximate the power density
of A to be homogeneous—this can be a source of error when the block is very big.
Average power consumption (over some period of time) is used for g of (2.3), which
can be another source of error, particularly when we try to obtain the maximum
temperature. These limitations should be kept in mind when temperature is referred
to after estimation.

There are several methods to solve (2.2) or (2.3). Numerical methods include
the finite difference method (FDM) or finite element method (FEM), both of which
discretize the continuous space domain into a finite number of grid points. But these
methods are very slow, usually taking tens or hundreds of minutes; thus, it is not
practically possible to use them in any optimization loop.
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Fast estimation methods do exist. A notable one is to use a thermal RC cir-
cuit [17]. This is a circuit built based on the analogy between heat transfer and
electrical current: heat flow can be described as a current flowing through a thermal
resistance, thus yielding a temperature difference analogous to voltage. Thermal re-
sistance and capacitance are modeled on a per-block basis or, more accurately, on a
per-grid basis, in which a chip is divided into a number of imaginary grids. Another
fast method to solve (2.3) is to use a Green’s function. It can be readily shown that
(2.3) is equivalent to

T(r) = / e ro)<—g (;°)> dro, 2.4)

—00

where r is (x, y,z) and rg is a particular value of r. G satisfies V2G(r,1g) =
8(r — rp) and is called a Green’s function; i.e., G is a Green’s function if its Lapla-
cian is a delta function. Instead of solving partial differential equation (2.3), we can
use (2.4) to directly give T once G is known. The product of cosine functions [18]
and the division of hyperbolic functions have been used for G.

2.4 Circuits to Reduce Dynamic Power

Many circuit techniques have been proposed to reduce dynamic power consump-
tion. Two of them, namely clock gating and dual-Vyq, deserve attention because of
their popularity and effectiveness, and are reviewed in this section in detail. Other
techniques are summarized in Sect. 2.4.3.

2.4.1 Clock Gating

It is well known that a clock distribution network takes a large portion of total power
consumption, e.g., 18% to 36% for processors and 40% for ASICs [19]. This is be-
cause the elements of the network including flip-flops (or latches) and clock buffers,
as shown in Fig. 2.10, are always triggered. A simple way to reduce this consump-
tion is to gate the clock to a flip-flop, say A, when its input and output are the same.
If a clock to A and B can be gated at the same time, we may try to gate the buffer C
instead, or higher stage buffers if more flip-flops can be gated together.
Conceptually, clock gating can be implemented as shown in Fig. 2.11(a). The
block called clock gating logic determines when the combinational logic does not
perform its computation (EN = 0) and when it does (EN = 1). Two things should
be noted in regard to clock gating logic. It is an extra logic, which causes an in-
crease of circuit area and power consumption; it therefore should be kept small as
much as possible. Clock gating logic itself is a combinational logic, and it thus
may generate a hazard; in particular, a static 1-hazard (a change of logic value from
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1 to 0 and back to 1, for a short period of time) while CLK = 1 makes the flip-
flops capture their inputs when they are not supposed to. This is resolved by us-
ing a negative sensitive latch, as shown in Fig. 2.11(b). When CLK = 1, the latch
is opaque and thus blocks any hazard from clock gating logic. The latch together
with an AND gate are typically called a clock gating cell. Note that a positive
sensitive latch and an OR gate are used if the flip-flops are falling edge triggered
ones.

From the designer’s perspective, the challenge is to design the clock gating logic
such that flip-flops are gated as often as possible while the gating logic is kept small.
This is done either manually by human designers or automatically by CAD tools.
A generic form of digital circuit consists of a data path and controller, as illustrated
in Fig. 2.12. Designers should know when each functional unit is idle from a sched-
uled data flow description, which could guide them to design clock gating logic.
The controller is typically modeled as a finite state machine (FSM) such as the one
shown in Fig. 2.12; self-loops associated with states A and B correspond to the mo-
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Fig. 2.12 Digital circuit consists of data path and controller

ment when the clock can be gated; e.g., if state A is assigned binary representation
000, the register content does not change before and after the self-loop.

Automatic synthesis of clock gating logic is a bottom-up approach. Let §;(-) be
the Boolean expression for the input of the ith flip-flop and let S; be its output. The
clock can be gated when these two take the same value (either 1 or 0); the clock
gating logic is thus given by

8i=36i()DSi. (2.5)

Implementing each g; as a separate logic incurs too much overhead. Some g;’s thus
should be merged as much as possible. Note that if g; and g are merged, flip-
flops 1 and 2 are gated only when both can be gated, thereby reducing the gating
probability. Therefore, merging g;’s is a trade-off between clock gating logic and
gating probability. There are other techniques to reduce the complexity of clock
gating logic, e.g., using don’t cares, logical approximation, and so on [20].

Figure 2.13 shows the result of clock gating synthesis using a commercial CAD
tool [21]. Interestingly, the area starts to decrease as clock gating is applied to some
flip-flops, less than 400 flip-flops in Fig. 2.13. This happens because a feedback mul-
tiplexer, which is attached to a flip-flop to retain its current value when it needs to,
can be removed when clock gating is applied; i.e., if the clock is gated, the value of
the flip-flop is retained anyway. This benefit is outweighed by an increasing amount
of clock gating logic as more flip-flops are gated. The power consumption monoton-
ically decreases, indicating that extra power consumption from clock gating logic is
not large enough (due to the low switching activity of combinational logic) to mask
the reduced power consumption of the flip-flops. Figure 2.13 suggests a trade-off
between area and power consumption, which can be exploited in architectural de-
sign.
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Fig. 2.13 Clock gating synthesis for wbdma [7], which contains 987 flip-flops in total

2.4.2 Dual- Vdd

From (2.1), it is clear that the best way to reduce dynamic power is to reduce Vyq.
However, reducing Vgg comes at the cost of reduced circuit speed. The alternative
approach is to use two Vyq’s, a higher one Vyqgy and a lower one Vyqj, so that Vyq
is used for gates that do not affect the overall circuit speed. There are several chal-
lenges in the implementation of dual-Vyq:

e Layout architecture: gate placement is restricted in dual-Vgyg, which causes an
increase of area and wire length.

e Level conversion: a Vyq; gate needs a level converter when it drives a Vygn one.

e Dual-Vy4 allocation: automatic allocation of Vygn and Vg must be done for the
CAD tool.

e Selection of Vyq: Vgan is typically mandated by technology; Vqyq is thus a design
parameter whose value should be carefully selected.

Layout Architecture Figure 2.14(a) shows the simplest architecture [22], where
each row is dedicated to either Vygn or Vyq cells. Standard placement tools can
be used for this architecture; once each cell is tagged for a type of row (Vggn or
Vaar), it can be placed. The wire length typically increases substantially [23], which
makes timing closure difficult to achieve; this limits the application of this archi-
tecture. Figure 2.14(b) [24] is a layout architecture, which is less constrained as far
as cell placement is concerned. However, in order to minimize well isolation (see
Fig. 2.15), each of the Vygn and Vyq; cells must be grouped as much as possible; this
may be performed as a refinement step after the initial placement [24], but carefully,
so that initial placement is not perturbed too much. This step must be coordinated



32 Y. Shin

gnd I I I I

gnd | | | | |

d

- NINE NN
on HEINR] |
ond INNENEI

LLIL LT g (11 ||||
I A LI TIET | T

(a) (b)

I * m r— I I I r

Fig. 2.14 (a) Row-based layout architecture and (b) architecture that allows less constrained
placement

Fig. 2.15 Well isolation N-well isolation
between adjacent Vyq, and ey T
Vddl cells : ; ;

Fig. 2.16 Dual supply rail Shared N-well

standard cells XXX X

e 1

Ves K K
Vadn Vaal X X
circuit circuit o] Vss

Vadh ~ Vaal
circuit circuit

with the topology of the generating power grid, so that each group can be placed
directly below (or very close to) corresponding supply voltage rails.

Cell placement is restricted (to a different degree) in both layout architectures
of Fig. 2.14. This is unavoidable as long as standard cells developed for single Vyq
are used for dual-Vyq circuits. The restriction can be completely removed in the
approach illustrated in Fig. 2.16 [25, 26], where each cell has dual rails for supply
voltage: one for Vygn and another for Vgyg. This of course comes at the cost of
developing a custom cell library. In Vygp, cells, the n-well is biased to Vygn, which
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Fig. 2.17 Level converters: (a) pMOS cross-coupled level converter (CCLC) [22] and (b) single-
supply level converter (SSLC) [24]

is also a voltage supply. The n-well bias of Vyq cells also must be made to Vygp,
so that adjacent Vggn and Vyq cells can share their n-well for area efficiency. In
this setting, the pMOS transistor of Vyq cells is made slower due to its negative
body bias (e.g., 18% speed degradation for Vygq = 1.2 V with Vygg, = 1.8 V [26]);
however, its subthreshold leakage is reduced substantially. The cell height increases,
as it must, but only marginally (e.g., 2.7% [25]). This is because the Vygp rail can
be made thinner as the amount of charge it has to deliver becomes less; the Vyq rail
can be made even thinner, as Vyq) cells are typically a small proportion of the total
cells.

Level Conversion The key component of dual-Vyq design is a level converter.
If Vyq1 is directly applied to the input of an Vygn inverter, both nMOS and pMOS
transistors will be turned on, if Vyg; — Vg is smaller than the threshold voltage of
pMOS; this causes huge amount of short-circuit current. Even if pMOS is not turned
on, it is only weakly turned off and incurs a large amount of subthreshold current.
Therefore, a level converter must be used whenever a Vyq gate drives a Vyqgp one.

Figure 2.17(a) shows a pMOS cross-coupled level converter (CCLC), which
needs both a Vygn and a Vyq voltage supply. This can be designed as a Vyqn cell
with Vyq; supplied through a pin connection; in the layout architecture shown in
Fig. 2.14(a), the CCLC must be placed in Vygn rows that are adjacent to a Vyq) row,
so that a short connection to Vyq; can be made. Figure 2.17(b) shows a single-supply
level converter (SSLC), which uses a threshold voltage drop across N2 to provide a
virtual Vyq to the input inverter. The SSLC is more flexible in placement than the
CCLC as it uses only Vygp.

In 45-nm technology with Vyggp = 1.1 V and Vyq; = 0.77 V, the CCLC and SSLC
exhibit 63 ps and 49 ps of delay, respectively, with four 1x inverters as load; these
delay numbers represent about 1.7 and 1.3 times the Vgg, NAND?2 delay. The area of
both converters is approximately three times the NAND?2 area. This suggests that the
number of connections from Vyq; to Vygn should be minimized in dual-Vyq circuits.

Selection of Vygq It is important to decide the value of Vyq for a particular Vygp,
which is given by the technology. Common sense tells us that there would be an
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optimum value leading to minimum power consumption: if Vyq is close to Vygn,
many gates will be allocated to Vg but the amount of power saving from each al-
location will be very small; if we choose a value that is much smaller than Vygp, the
power saving from using Vyq; will be great but only a few gates will take advantage
of it due to the abrupt change in delay. The important question is whether this opti-
mum value is different for different circuits or whether there exists some universal
number. We obviously prefer the latter.

It was experimentally verified [22] that the optimum Vjyq; indeed exists at 60—
70% of Vaan, consistently over many circuits. This was also verified in an analytical
way [27], although some approximations are involved. One work claims that op-
timum Vyq; can be brought down to 50% of Vygn when dual-Vy, is used together
with dual-Vyq [24], because the reduced circuit speed from using lower Vyq; can be
recovered to some extent by using dual-Vy,.

Effectiveness of Dual-Vy3q  Several works in the literature report the effectiveness
of dual-Vyq. In designing multimedia ASIC [22] with 0.3 um technology, 76% of
cells use Vyq1 which yields a 47% power saving compared to a design that uses Vygn
alone. When this technique is applied to a microprocessor design [24] in 0.13 pum
technology, the power savings is rather small, 8%. This is estimated to be due to the
higher value of Vgg = 1.2 V (Vyggn = 1.5 V) and the smaller number of Vyq gates
from the strict requirement on the processor design.

It is reported [28] that the layout architecture shown in Fig. 2.14(a) causes a 13%
to 16% increase of the wire length depending on the placement density; Fig. 2.14(b)
exhibits about a 5% increase.

2.4.3 Other Methods

To reduce the switching activity of the data path during architecture design, regis-
ters based on a dual-edge-triggered flip-flop (DETFF) can be considered. Since the
DETFF is triggered at both the rising and falling edges of the clock, the clock of
half the frequency can be used for the same throughput, which allows the power
consumption of the clock network to be cut in half. Using latch or pulsed-latch as a
register is another method to reduce clock power consumption.

A notable approach to reduce the switching activity of the data path is precompu-
tation [29]. Two architectures to implement precomputation are shown in Fig. 2.18.
In Fig. 2.18(a), the blocks g1 and g, take some input bits and predict the output f;
g1 =1and g =0 implies f =1, g1 =0 and go = | implies f =0, and g =0
and go = 0 implies that f cannot be predicted (g; = 1 and g» = 1 are not allowed).
Therefore, if g1 = 1 or go = 1 (but not both), the input bits are disabled from load-
ing, which yields no switching activity in the combinational block; the correspond-
ing output f is determined by g1 or g». The input bits are loaded when g1 = g» =0
for normal computation. This architecture has a limitation due to the extra circuitry
and increased critical path delay. The architecture shown in Fig. 2.18(b) is similar to
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that of Fig. 2.18(a) except that some input bits are always loaded. Thus, if g1 =1 or
g2 = 1 (but not both), computation depends on only those bits that are loaded while
the remaining bits are disabled from loading.

Voltage scaling is the most effective way to reduce dynamic power consumption.
Designing or synthesizing a circuit such that its delay is minimized and then low-
ering Vgq until the clock period is just met could be an effective way, even though
this typically comes at a cost of increased circuit area. The amount of voltage scal-
ing is limited in ASIC design due to the fixed range of Vyq that is used for library
characterization.

Every step of the design affects power consumption to some extent [30], e.g.,
technology mapping, cell and wire sizing, and floorplanning and placement. A no-
table power savings can be achieved if power consumption is explicitly considered
during these design steps.

It is often said that there is more chance to reduce power consumption at higher
abstraction levels because less is determined at that point. But the amount of power
increase or decrease caused by a design decision at those levels is hard to declare in
precise amounts, as discussed in Sect. 2.2.1. Any power savings at higher abstraction
levels should be considered very rough and only relative.

2.5 Circuits to Reduce Static Power

The two most widely used techniques to reduce static power consumption are re-
viewed: power gating in Sect. 2.5.1 and body biasing in Sect. 2.5.2. Some other
circuit techniques are also reviewed in Sect. 2.5.3.

2.5.1 Power Gating

Power gating® has become one of the most widely used circuit design techniques
for reducing leakage current. Its concept, illustrated in Fig. 2.19, is essentially very

2This section is also available in [31].
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Fig. 2.19 Power gating
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simple. Current switches Q1 and Q> are shared by all the gates in a circuit, which
are thus connected to virtual power lines Vyqy and Vg, instead of the real lines,
Vaq and V. Low-Vy, is used within the circuit itself to achieve high performance,
and high- V4, is used in the switches to achieve low subthreshold leakage. In active
mode, SL is kept low, Q1 and Q> are turned on, and Vgygy and Vg, are maintained
close to Vyq and Vg respectively. In standby mode, SL is kept high, Q| and Q; are
turned off, and Vyqy and Vi, float; leakage from the low-Vy, circuit is thus limited
by high-Vy, switches. These days, only one switch, a header Q; or a footer Q», is
usually employed for simplicity.

Implementation Implementing power gating involves several circuit compo-
nents. Virtual power lines (Vyqy or Vi) float once the current switches are turned
off, which implies that storage elements lose their values. This can be resolved by
using retention registers. There are several different implementations of retention
registers; Fig. 2.20 shows one example [32]. The slave latch within the dotted box
is directly connected to Vyq and Vs, while the remainder of the circuit is connected
to current switches. In sleep mode, Clk is forced to 0, which isolates the slave latch
and thus allows it to retain data with RET set to 1 (0 in active mode). The latch uses
a pull-up pMOS. The use of retention flip-flops invariably involves an increase in
area as well as an increase in the sequencing overhead, the number of wires, and
the power consumption—thus, the use of retention flip-flops should be limited. De-
cisions on how to provide retention are mainly made intuitively and, in any case,
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Fig. 2.21 (a) Output isolation circuit and (b) output hold circuit [31]. © 2010 ACM

retention is only required for a small fraction of the data in the system [33]. Nev-
ertheless, some designs inherently require many retention flip-flops, such as finite
state machine (FSM) controllers or register files.

After the current switches are turned off, the outputs of a circuit start to float,
very slowly. This causes a large amount of short-circuit current in the blocks that
are connected. A circuit that prevents the output from floating must be inserted to
solve these problems. In Fig. 2.21(a) [34], out is decoupled from in once the fence is
asserted; the latch then delivers the output value, which it stores in itself. However, it
has limited use because it causes delay and also uses extra area and power. A simple
pMOS or nMOS can be used instead, as shown in Fig. 2.21(b), if the only objective
is to prevent the output from floating, and the output value itself does not need to be
preserved. When a footer is used for power gating, a helper pMOS sets out to high;
if a header is used, a helper nMOS sets out to low; these helper devices remain off in
active mode. In practical designs, isolation circuits (Fig. 2.21(a)) are used for some
outputs while the remainder simply use hold circuits (Fig. 2.21(b)).

The layout of power gating circuits using standard cells should be carefully de-
signed. The power network should consist of three power rails Vg, Vigy, and Vi
when footers are used. But these requirements are not uniform: combinational cells
need Vyq and Vg, retention elements need all three rails, and footer cells use Vggy
and V. Similar requirements are imposed when headers are used. Figure 2.22
shows an example layout design. The Vg, rails are regarded as local Vi rails, while
the real Vg rails, on vertical layers, are regularly spaced, as shown in the figure.
The required number of footer cells are now dispersed over the placement region,
in locations immediately below the Vg rails. The connection of Vi to the retention
flip-flops and isolation cells is achieved by signal routing, as we can see in the figure.

Area and Wire Length  We have seen that power gating introduces extra cir-
cuitry and wires. It is important to understand the extent of the increase in area and
wire length that must be tolerated in designing power gating circuits, and what fac-
tors exactly contribute to that increase; this is essential information during the early
stages of design. We selected the six example circuits summarized in Table 2.2 for
quantitative analysis. The first two circuits are purely combinational, while the other
four are sequential. Each circuit was synthesized in 1.1 V 45-nm technology. Output
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Table 2.2 Increase in area and wire length of power gating circuits

Name # Comb. # FFs #POs Aarea (%) Awire length (%)
Header Footer Header  Footer

c5315 642 0 123 41 39 28 27
6288 1211 0 32 14 10 12 18
s5378 605 176 49 41 38 38 36
b21 16441 490 22 8 6 11 8

perf_des 43044 8808 64 28 26 28 22
vga_lcd 35448 17052 108 36 34 26 24

isolation was assumed to be achieved at all primary outputs (POs) by a circuit sim-
ilar to that shown in Fig. 2.21(a), and we also assumed that data would be retained
at all flip-flops by circuits similar to that shown in Fig. 2.20. The AV across the
header or footer was set to 1% of Vyq, and this gives us the total gate width W. If
we then divide W by the gate width of a single header or footer cell, we obtain the
number of header or footer cells required. The layout architecture of Fig. 2.22 was
used as the basis for automatic placement and routing [35], using metal layer M3
for the Vyq or Vi rails. However, the header or footer cells were manually placed in
a regular pattern, and fixed in their locations, followed by automatic placement of
the remaining cells.

The last four columns of Table 2.2 show the increase of area and wire length over
the same designs without power gating. The area corresponds to the sum of the areas
of all the cells. During routing, we forced the cells into about 70% of the placement
region to achieve a tight placement, and metal layers up to M4 were allowed for
automatic routing. In Fig. 2.23 the extra requirements of power gating are analyzed
in more detail by showing the contribution of various components.

There is a fairly large increase in area (41%) when headers are introduced into
¢5315. This happens because it has large number of POs (considering the number of
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combinational gates), and the same number of isolation circuits must be introduced;
this is apparent from the first bar in Fig. 2.23(a). The circuit c6288 has fewer out-
puts, and so the increase in area is less, although 14% is still sizable; this is largely
attributable to headers, as we can see in Fig. 2.23(a). The increase in area due to
current switches (headers) alone is about 4% and 8% in these two circuits; this is
reduced to 2% and 3% when footers are used (similar results have been reported
in industrial examples [33, 36]), and the design using footers also results in lower
increases in total area (39% and 10%), as shown in column 6 of Table 2.2. In the
four sequential circuits, the growth in area is dominated by the retention flip-flops
(see the white portions of the bars in Fig. 2.23(a)); each retention flip-flop that we
used is 53% bigger than its non-power-gated counterpart. Table 2.2 shows that the
increases in the area of these four sequential circuits are largely determined by the
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Table 2.3 Transition energy
and minimum idle time of
several example circuits

Name #Comb. #FFs #POs Ey (p))  Thin idie (US)

implemented in 65-nm bl2 855 119 6 15.5 9.1
technology bl3 240 53 10 9.9 17.0
irda 160 32 33 10.0 8.4
ic2 312 49 8 6.3 0.9
me 122 17 32 9.0 11.8
wb 604 274 362 130.0 0.6

number of flip-flops, as a proportion of the total number of circuit elements. There
are three components to the increase in wire length, as shown in the last two columns
of Table 2.2 and in Fig. 2.23(b): extra wires for routing the s1eep signal, the wires
connecting the data retention elements to the Vyq or Vi rails, and the increase in the
lengths of all the other signal wires due to increased congestion.

The values in Table 2.2 should be considered as extreme, since data retention was
assumed to be required at all POs and flip-flops. In practice, the increase in area and
wire length would depend on the proportion of POs and at which data needed to be
retained.

Mode Transition Turning on and off the current switches dissipates extra energy,
denoted by E\;. Therefore, unless a switch is turned off long enough, power gating
may increase power consumption rather than decrease it. We may thus define the
minimum idle period, at which power gating starts to benefit energy dissipation,
Trmin_idle- Table 2.3 shows its value for example circuits taken from International
Test Conference (ITC) benchmarks and OpenCores [7], and experimentally imple-
mented in 1.2 V 65-nm technology. It should be noted that Tyin iqgle is not directly
proportional to circuit size. The value of Tyin_jale for this particular technology is of
the order of microseconds, which is equivalent to 100 clock cycles in 100 MHz and
1000 cycles at 1 GHz.

Basic power gating results in a slow wake-up process. Vigy is close to Vgg when
the footers are turned off (close to Vss when the headers are turned off) during sleep
mode, which implies that all the nets internal to a circuit are charged up close to
Vad, irrespective of their logic states. Those nets whose original logic value was 0
simultaneously start to discharge once the footers are turned on. This can cause two
problems: a high current peak at Vs may cause malfunctions in adjacent blocks that
are still in active mode; and a large rush current combined with the parasitic of the
power network and package yields a ground bounce at Vs, which delays the time at
which a circuit can start operation again, by increasing the wake-up delay.

Several approaches have been proposed to reduce the rush current and the wake-
up delay. The VRC [37], shown in Fig. 2.24(a), produces a faster wake-up than basic
power gating, since Vyqy and Vi are clamped to the built-in potential of a diode, and
so both the charging and discharging currents during wake-up are reduced. Since
the rush current is caused by turning on all the switches at the same time, a natural
solution is to turn them on one by one, which can be physically implemented by
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Fig. 2.24 (a) Virtual power/ground rail clamp (VRC) and (b) two-pass turn-on [31]. © 2010 ACM
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Fig. 2.25 Threshold voltage of MOS transistor

connecting the switches in a daisy-chain. The rush current is still likely to be too
large unless the daisy-chain operates very slowly [38], so that the virtual rails and
internal nodes have enough time to charge or discharge. Figure 2.24(b) illustrates
a circuit scheme called two-pass turn-on [39], in which a header consists of two
components: a series of weak switches followed by a series of strong ones. The first
pass turns on the weak switches one by one, in such a way that Vyqy is fully restored
(to a voltage close to Vyq) when the last switch is turned on. The limited current flow
through the weak pMOS switch constrains the rush current. The weaker the first set
of switches, the lower the current peak, but turn-on delay increases. In the second
pass, the strong switches are turned on, and then all the switches supply the current
needed in active mode.

2.5.2 Body Biasing

The threshold voltage (Vi,) of a MOS transistor is illustrated in Fig. 2.25. Typically,
the substrate (or p-well) of an nMOS is tied to Vi, i.e., V, = V; similarly, the
n-well of a pMOS is tied to Vyq, i.e., V, = Vyq. In body biasing, V}, and V, are
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controlled (dynamically or statically), rather than being tied. In reverse body biasing
(RBB), a voltage smaller than Vi is applied to V,, and a voltage larger than Vyq is
applied to V,,. As expected from Fig. 2.25, this causes Vi to increase since Vg
becomes positive; as a result, the device becomes slower and subthreshold leakage
is exponentially reduced. The opposite technique is called forward body biasing
(FBB).

Body biasing is a useful technique to counteract process variations. The threshold
voltage always fluctuates due to imperfections in the manufacturing process and to
variations in temperature and Vgq. When Vyq is high enough, this does not affect
circuit delay that much since the difference between Vg4 and Vi, which determines
circuit delay, is large enough compared to AVy,. But, as Vyg becomes lower as
technology is scaled down, the delay may vary a lot, which severely affects yield.
In this scenario, FBB may be applied to chips that are manufactured with Vi, larger
than target, and RBB may be applied to those with unnecessarily high Vi, thereby
causing too much leakage.

Body Biasing for Low Leakage The second application of body biasing is to
reduce leakage current. There are several scenarios for this purpose:

e RBB can be applied in standby mode to reduce subthreshold leakage [40].

e A circuit may be designed with Vi, higher than its original target value, and then
FBB is applied in active mode to compensate for the large initial delay, while zero
body bias (ZBB) is applied in standby mode [41] to reduce the leakage.

e A circuit may be designed with Vyq lower than its initial target value, and then
FBB is used in active mode to compensate (this helps reduce dynamic power
because of the lower Vyq even though active leakage will be larger), while ZBB
is applied in standby mode.

e A circuit may be designed so that some gates use FBB while the remainder use
ZBB [41]. This technique emulates dual- Vi, (FBB for low-V}y, and ZBB for high-
Vin) but without using any extra masks.

It is important to understand that RBB becomes less effective with technology
scaling due to a steepening increase in junction leakage [42] with the extent of the
biasing. This also implies that there is an optimal level of RBB for minimizing
leakage, which is about 500 mV in sub-100 nm technology. Another technology-
related problem is that RBB is impaired by increasing the within-die variation of
Vin [43]. When body biasing is applied in dual-Vy, circuits, care must be taken. The
body effect coefficient (y in Fig. 2.25) is different for different Vy,, which implies
that the amount of Vy, shift is different for the same body bias.

Implementation The layout methodology of body biasing circuits is shown in
Fig. 2.26, where a double-back layout pattern is employed. Standard cells are de-
signed without taps, so that V;, and V), are kept without any connection. A special
cell, called a tap cell, must be inserted to provide the potentials for V, and V},, which
come from body bias generator circuit. The tap cells are inserted in a regular fash-
ion; the columns of the tap cells are separated by some predetermined distance, e.g.,
50 um [44], which is determined by the well impedance.
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Fig. 2.26 Layout methodology of body biasing circuits [45]. © 2007 IEEE

2.5.3 Other Techniques

Many circuit design techniques have been proposed and used to control leakage.
The multiple-Vyq, multiple- V4, and multiple-gate-length approaches are static tech-
niques; the use of two voltages, in dual-Vgg schemes, is most common. Dynamic
techniques include input vector control (IVC), as well as power gating and body
biasing. Static techniques are used during the design process with the support of a
tool that determines the Vyq or Vi, levels and the gate lengths of gates or blocks; the
conventional synthesis-based design flow is almost unaffected. These approaches
reduce leakage in both active and sleep modes, but the amount of leakage that can
be saved is relatively small (e.g., 42% with dual- Vg4 [26] and 30% using dual-gate-
length [39] techniques). Dynamic techniques rely on explicit control of the leakage-
reducing circuits at run time, and are typically more complicated, so that the con-
ventional design flow has to be customized. Dynamic techniques only reduce the
leakage in sleep mode, but the savings is substantial (e.g., 40x using power gat-
ing [39]). The IVC technique is an exception, in that its design is not very compli-
cated and the leakage savings is not great, even though it must be categorized as a
dynamic technique.

Multiple-Vyq techniques have been widely used to reduce switching power,
which has a quadratic dependence on Vyq, but they are even more effective in re-
ducing leakage because subthreshold and gate leakage are roughly proportional to
Vd3d and Vd4d, respectively [46]. The use of multiple-Vy, configurations is prevalent
in contemporary CMOS technologies; they are sometimes combined with multiple-
Vaq or multiple-gate-length techniques.
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IVC applies a predetermined input vector, called a minimum leakage vector
(MLV), during sleep mode or a short idle period. Its effectiveness is largely de-
termined by the controllability of the circuit, which is negatively correlated with
logic depth. As this increases, fewer gates can usually be put in the lowest leakage
state. Controllability can be improved by adding multiple control points within a
circuit or by modifying some gates. Several methods have been proposed to find a
good MLYV, including random search and heuristics based on gate controllability or
iterative dynamic programming [47], and there is an exact method using Boolean
satisfiability formulation [48].

2.6 Conclusion

Architectural or system-level design involves a trade-off between one design param-
eter and another. Power consumption is no exception. Applying power gating, for
example, helps save a substantial amount of standby leakage, but comes at a cost
of extra area and wire length. Unless the trade-off is taken into account early on, an
architecture may be hard to implement or may not be implementable at all. Under-
standing the implementation details of various low-power circuit techniques is thus
very important; this has been the subject of this chapter.
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